Abstract-A novel four-wave mixing-based injection locking method was demonstrated earlier, whereby the optical and RF stability of a mode-locked high-Q ring laser is successfully transferred to an orthogonally coupled colliding pulse mode-locked (CPM) laser. Four-wave mixing in the common monolithically integrated saturable absorber is used to couple the crossed laser cavities, which is confirmed by the reduction in RF noise level and by the optical linewidth reduction of the lasing modes of the slave CPM laser. The four-wave mixing process was then further investigated and experimentally shown to be the primary mechanism responsible for the locking and stabilization of the slave laser. This paper discusses the above four-wave mixing technique in detail and presents an improved design by employing optical subharmonic hybrid mode-locking and by decreasing the losses inside the master ring cavity. The resulting higher stability of the master laser translates into further improvement in the RF and optical linewidths of the injection locked slave CPM laser. These results demonstrate the effectiveness of the novel method for all on-chip stability transfer in the forthcoming all monolithic optical pulse source systems.
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I. INTRODUCTION
A N ULTRAFAST optical pulse train synchronized to a system clock is of great interest for many applications in high-capacity optical communications and optoelectronic measurements [1] , [2] . Passively mode-locked CPM laser diodes are very attractive for generating such optical pulses owing to their small size and efficiency, and capability of producing pulses at repetition rates well beyond the modulation bandwidth of semiconductor lasers [3] , [4] . However, the high timing jitter associated with the generated pulse train is the main drawback of passively mode-locked lasers. Because of the high-repetition rates, injection locking these lasers with a low-frequency stable master laser is a promising synchronization and stabilization method, as the application is not limited by the bandwidth of the drive electronics with the added benefit of negligible amplitude modulation among the stabilized pulses [5] . Several external stabilization techniques such as optical injection locking, subharmonic mode-locking and optoelectronic coupling between cavities have been described in the literature as a way of reducing this phase noise [6] - [8] . More recently, optical microresonators have also been demonstrated as a compact platform for generating optical frequency combs [9] . However, most of these techniques are complex and/or are limited by the fabrication and cost involved. For practical photonic systems it is highly desirable to have a robust all-monolithic stabilization architecture which avoids optical alignment to an external master laser. Monolithic integration is essential for the reliable operation and low-cost manufacturing of such systems.
In our earlier work, we had proposed and demonstrated an all-optical four-wave mixing (FWM) mediated stabilization method, whereby a passively mode-locked monolithic CPM laser is injection locked to a high-Q ring laser through a common crossed saturable absorber (SA) [10] , [11] . The FWM based injection locking method is shown to be effective in reducing the long term frequency drift as well as the timing jitter of the high-repetition rate CPM laser, as seen by the considerable reduction in its RF and optical linewidth. Furthermore, having a QD based mode-locked laser offers reduced amplified spontaneous emission (ASE) rate and low threshold current density, which contributes to an inherently low-noise laser design [12] , [13] . Subsequently, the FWM process is experimentally shown to be the primary mechanism responsible for the observed nonlinear coupling between the orthogonal laser cavities [14] , [15] . Contributions from other mechanisms are found to be negligible as expected in the case of the low-index contrast orthogonal waveguide configuration [16] , [17] . However, the extent of the above optical stabilization is still influenced by the frequency and phase stability of the master ring laser which is passively mode-locked and thus suffers from excess noise arising from the pulse-to-pulse timing fluctuations in the absence of any external synchronization [18] , [19] . The optical phase noise and the timing jitter manifesting themselves in the observed wide optical and RF linewidths of the master laser. In this paper, we present an improved stabilization scheme employing optical hybrid mode-locking and decreasing the losses in the master cavity to overcome this limitation and improve the system performance (in terms of RF and optical linewidths) to levels more suitable for use in future coherent communication systems. With recently demonstrated techniques, such as active-passive waveguide integration and long low-loss passive waveguides, the above FWM based injection locking method can be readily employed in an all-monolithic design with the external high-Q cavity also fabricated on the same chip as the monolithic CPM laser [20] , [21] . II. OPERATION PRINCIPLE Fig. 1 illustrates the principle of the proposed scheme. The multi-segment chip consists of two pairs of orthogonal gain sections with a crossed SA section located at the symmetry center of the device. The monolithic CPM laser is formed from the cleaved facets of the linear gain sections which together with the common SA at the center is passively mode-locked to generate a ∼30 GHz optical pulse train directly from the monolithic cavity. The curved gain sections are part of an external high-Q ring cavity, which is passively mode-locked and whose length is precisely matched to a sub-harmonic of the CPM slave laser's fundamental frequency. By having the external master ring cavity in a crossed configuration with the monolithic CPM cavity leads to an overlap of the colliding pulses from the two cavities in the SA region. The four pulses are synchronized because minimum energy is lost to the SA when the pulses meet in the absorber medium. This pulse overlap leads to transient gratings formation (referred to as degenerate FWM) in the SA region which is due to the carrier density variation in the absorber region, as observed in the case of a conventional CPM laser [22] , [23] . The resulting variation of refractive index, at 45°to the face of the SA, causes the pulses to diffract from individual cavities into each other, which essentially locks the CPM laser to the stable master ring laser. The principle of the method is confirmed by observing the narrowing of the RF and optical linewidths of the CPM laser giving rise to a stable ∼30 GHz optical pulse train.
III. DEVICE FABRICATION
The gain chip is fabricated using a commercially available InAs/InGaAs QD epi-wafer grown on a GaAs substrate and is designed to emit at the telecom wavelength of ∼1.3 μm. The active region consists of 10 layers of self-assembled InAs QDs capped by InGaAs quantum wells and bounded by AlGaAs cladding layers. Standard laser processing is used to define the mesa ridge waveguide structures where subsequent to pattern transfer by photolithography, a single wet etching step is used to form the 3.6 μm and 4.6 μm single mode waveguides of the curved and linear gain sections respectively. The crossed SA sections are 4.6 μm wide and 200 μm long waveguides and are located at the center of the ∼ 3 mm × 3 mm chip. A 15 μm gap separates the SA section from the gain sections. Benzocyclobutene (BCB) polymer is spun on top and cured to provide the electrical insulation and to reduce the bond pad capacitance. After planarization etching of BCB in a CF 4 /O 2 reactive-ion etching (RIE), the final completing steps of fabrication include negative photoresist photolithography, metal (TiAu) evaporation, a liftoff process, backside lapping of the wafer to 200 μm, metal (Ni-Ge-Au) evaporation, and rapid thermal annealing (RTA). No coating is applied on the cleaved facets of the CPM laser but a broad-band three-layer anti-reflection (AR) coating (Al 2 O 3 -Si-SiO 2 ) is later incorporated on the curved section facets to further decrease the losses inside the external ring cavity. The ridge waveguides are angled as well as tapered at all the terminations to reduce the Fabry-Perot (FP) reflections from the semiconductor-air interface. All the gain sections here are fabricated to be electrically isolated from each other and thus allow for individual laser bias control to achieve optimal mode-locking.
The semiconductor optical amplifiers (SOA) used in the experiments are also fabricated using the above QD wafer and fabrication steps and consist of 4 μm wide and 3 mm long ride waveguides angled at 7°to the facet. The nominal small signal gain of these devices, with the broadband AR coating, is around 21 dB.
IV. INJECTION LOCKING VIA FOUR-WAVE MIXING
The experimental setup and the device layout are sketched in Fig. 1 and are same as described in ref [10] , [11] . Additional data results and setup details are provided in this section. The linear monolithic CPM slave laser measures 2.8 mm in length and under proper biasing conditions has two counter-propagating pulses which collide directly in the SA. As expected, this leads to a repetition rate of ∼29.4 GHz which is double the free spectral range (FSR) of the monolithic cavity. The master ring laser, consisting the two curved gain sections, is built using four external mirrors. Here, two mirrors are mounted on a translation stage to match the cavity length to an FSR of 446 MHz, which is the 66th sub-harmonic of the CPM laser. The light is collected and collimated using aspheric lenses inside the ring cavity and at the output of the CPM laser. A pellicle beam splitter with small reflectance (8%) is used as an output coupler for the ring cavity to minimize the cavity losses and maintain a high-Q. The gain chip is mounted on a gold coated copper stud and shares a thermo-electric cooler (TEC) with the external ring cavity for temperature control. In the setup, constant current sources are used to drive all the gain sections and a voltage supply is used to provide the required reversed bias on the SA section. The output from the lasers is amplified using SOA, coupled into an SMF fiber, and finally split into a various number of instruments for diagnostics. The threshold current of the CPM laser is ∼20 mA and external ring laser ∼35 mA (applied on each of the gain sections with no voltage applied on the SA section).
For initial demonstration, both lasers are passively modelocked whereby forward bias current of 70 mA and 28 mA is applied to each of the respective gain sections of the external ring and CPM cavities together with a reverse bias voltage of of −6.5 V ± 0.1 V to the crossed SA section, which is kept constant through all measurements. With a shared SA region, the bias currents and reverse bias voltage used are carefully tuned to achieve stable mode-locking in case of both the ring and CPM lasers while ensuring optimal optical spectral overlap of the two lasers. The overlap ensures coupling when the two cavities are injection locked. A physical beam block is used inside the master ring cavity for measurements before injection locking. With beam block removed, optical pulse injection is verified by the RF and optical spectra pulling to that of the master laser and by measuring the RF and optical linewidths with and without injection. The optical linewidths of the lasers are measured using the well-known delayed self-heterodyne technique [24] . The schematic of the setup is sketched in Fig. 2 . The laser output is amplified using an SOA before going into a Mach-Zehnder interferometer (MZI). A splitting ratio of 80/20 is used to compensate for the free-space to fiber coupling loss in the interferometer arm containing free space acousto-optic modulator (AOM) operating at 100 MHz. The other arm of the MZI consists of enough optical fiber delay to produce an uncorrelated beat tone at 100 MHz and gives us a measure of the average optical linewidth (since the input to the MZI is a mode-locked laser and thus the beat tone results from a heterodyne beat of two frequency combs).
The optical and RF spectral measurements for the master and slave lasers are shown in Fig. 3 and Fig. 4 , respectively. In Fig. 4(a) , supermode noise (which is typical in case of harmonic mode-locking) is clearly seen in the optical spectrum of the CPM laser with two sets of optical modes spaced at the cavity FSR [12] . After injection locking, supermode suppression is accompanied by RF and average optical linewidth reduction. More than 10 dB reduction in the RF noise level is observed at 20 MHz offset from the carrier. The width of the RF tone, measured 30 dB down from the carrier, is reduced almost 5-times reducing from 24.35 MHz to 4.88 MHz. The 10 dB average optical linewidth is reduced from 46 MHz to 18 MHz, which corresponds to a laser linewidth reduction from ∼8 MHz to 3 MHz after taking into account the deconvolution factor of 2Ý9 Δν, since the beat tone is the result of a convolution of two Lorentzian curves (assuming a Lorentzian line shape). The intensity autocorrelation of the CPM laser remains the same as before injection locking. Assuming a Gaussian pulse shape, the pulse width is measured to be ∼4.32 ps and with a 3 dB spectral width of ∼1 nm gives a time bandwidth product (TBP) of 0.757, which is 1.72 times transform limit. 
V. CONFIRMATION OF FOUR-WAVE MIXING PROCESS
In this section, we provide details of our previous investigation of the FWM process which has been shown to be the primary mechanism responsible for the observed injection locking [14] , [15] . The experimental setup is shown in Fig. 5 . A free space circulator consisting of polarizing beam splitter (PBS), faraday rotator (FR) and a half-wave plate, is added inside the external ring cavity to force unidirectional operation and thus allow access to the ASE output emitted in the backwards direction from the other facet (port-2) of the ring laser. The device is the same as mentioned in the last section and both the lasers are passively mode-locked by applying a forward bias current of 80 mA and 25 mA on the individual gain sections of the ring and CPM cavities respectively together with a reverse bias voltage of −6.1 V± 0.1 V applied on the common SA.
As mentioned previously, the pulses from the crossed cavities are synchronized and overlap in the common absorber region which results in a refractive index variation and thus the formation of transient gratings at 45°angle in the SA section. The grating diffracts the pulses from the orthogonal cavities into each other and in effect injection locks the CPM laser to the ring laser as shown in Fig. 6(a)-(b) . Because of the unidirectional operation of the ring cavity, which leads to a three-pulse interaction as opposed to four pulses, the RF and optical linewidths are not seen to reduce as drastically as observed in last section. To confirm FWM process, the backward propagating ASE output from port-2 of the ring laser is analyzed with and without injection locking. The presence of the diffracted CPM laser light in this counter clockwise emission (when injection locked) then provides evidence of the FWM effect. As seen in Fig. 6 (c) , the back reflections from the optics of the free space circulator masks the ASE output with the more dominant ring cavity lasing spectrum. However, by using the simple technique of background subtraction, whereby the ASE spectra measured before and after locking are subtracted, the presence of CPM light can be easily verified. The log plots are converted to linear scale before subtraction. The resultant subtracted spectra (in linear scale) clearly shows the diffracted CPM laser spectrum, which matches the peak location of the mode-locked CPM laser. The diffracted CPM spectra show a mode spacing of 14.72 GHz as opposed to the nominal 29.44 GHz corresponding to the CPM cavity length. This is because, the two 14.72 GHz coherent optical pulse trains which otherwise are temporally delayed by half-round trip and give a 29.44 GHz axial mode spacing (due to spectral interference) are diffracted simultaneously in the present case. That is, both pulses trains are temporally overlapped in time, resulting in the observed spectra with axial modes at 14.72 GHz.
To unambiguously prove that the diffracted CPM spectra is only due to the FWM effect and not as a result of any other linear scattering effects, further measurement is performed. With all the laser bias conditions remaining the same, the output from port-1 is physically blocked to stop the external ring laser from lasing and the ASE output from port-2 of the ring laser is again measured with and without the CPM laser lasing. Then any leakage of the CPM light into the ring cavity will be seen in the measured optical output from port-2 of the external cavity. However, as seen in Fig. 6(d) , no residual CPM light is seen in the resultant subtracted spectra from port-2 of the cavity, which confirms that the FWM process is the primary mechanism responsible for the observed injection locking in the low index contrast orthogonal waveguide design.
VI. IMPROVED STABILIZATION ARCHITECTURE
In this section, we present a stabilization scheme to improve the overall stability of the master ring cavity and thus further reduce the RF and optical linewidths of the slave CPM laser. This is achieved by hybrid mode-locking the external ring laser to an external low frequency RF clock to improve the phase stability of the master laser. Further, employing a longer cavity and applying AR coatings on the curved facets improves the Q of the ring cavity which leads to an improved RF and optical stability of the master laser. This stability then gets transferred to the monolithic CPM laser through the FWM based injection locking process mentioned in Section II. As seen in Fig. 7 , as opposed to the RF based modulation of the gain sections, an electro-optic modulator is used for the hybrid mode-locking of the external laser. This not only avoids any electrical cross-talk between the metal probes applied to the laser gain sections but also being an all optical stabilization technique, it is commensurate with the future design considerations of an all monolithic low-noise pulse source where the entire external cavity can be replaced with long, low-loss passive waveguides and use can be made of an on-chip electro-absorption (EA) modulator for optical hybrid mode-locking. However, in the present study, owing to the absence of this fabrication capability in-house, use is made of a commercial fiber coupled lithium niobate (LiNbO 3 ) intensity modulator for hybrid mode-locking the master ring laser.
To begin, continuous wave (CW) operation of the high-Q ring laser is first confirmed by applying forward bias currents on each of the two curved gain sections, using DC probes. With the insertion loss from the fiberized modulator, the external laser now has a threshold current of ∼47 mA (measured with no voltage on the absorber section and with LiNbO 3 modulator at transparency). Fundamental passive mode-locking at 191 MHz is observed with a reverse bias voltage of −3.0 V ± 0.1 V on the SA. Because of the common crossed SA section, a SA voltage of −6.0 V (with a corresponding bias current of 100 mA on each of the gain sections) is chosen, which results in a stable third harmonic mode-locking of the laser at 573.45 MHz and a simultaneous stable mode-locking of the CPM laser. Hybrid mode-locking is achieved by applying an RF power of 20.5 dBm to the LiNbO 3 intensity modulator (from a sine-wave source at 573.45 MHz) and results in a much reduced phase noise compared to just passive mode-locked operation. As before, the light is coupled out of the ring cavity using the 8% pellicle beam splitter and then amplified before photodetection.
The spectral and the time domain characteristics are shown in Fig. 8 . A 50-GHz sampling scope triggered by the external microwave source clearly displays stable pulse train at the laser frequency of 573.45 MHz, confirming that the third-order subharmonic hybrid mode-locking is indeed taking place synchronized to the microwave source. Also shown is the 10 dB optical linewidth of the ring laser. The average optical linewidth measured is ∼3.74 MHz, which using the deconvolution factor of 2Ý9 Δν for the 10 dB Lorentzian linewidth, yields a master laser linewidth of Δν = 623 KHz.
Passive mode-locking of the CPM QD at the fundamental repetition rate of 29.4 GHz is achieved by applying a forward bias current of 46 mA on the gain sections and a reverse bias voltage of −6.0 V − 0.1 V on the SA section. Laser threshold current is measured to be ∼34 mA (with no voltage on the absorber section). As in the earlier setup, a physical beam block is used inside the master ring cavity for measurements before injection locking. Optical pulse injection is achieved by removing this beam block (i.e. with the master ring cavity lasing). The device temperature is tuned to ∼19°C, to achieve optical spectral overlap of the two cavities which induces coupling and hence injection locking of the CPM laser to the high-Q external cavity. Fig. 9 shows the optical and RF spectra of the passively modelocked CPM laser before and after optical injection. As before, the CPM laser simultaneously operates with two sets of axial Fig. 9 . Measured spectra of the passive mode-locked slave CPM laser before and after (in red) optical injection. Further reduction of the optical and RF linewidths of the slave CPM laser is achieved by improving the overall stability of master ring laser through optical hybrid mode-locking and by increasing the Q of the ring cavity. modes, with an optical spectrum where the axial modes are spaced at the cavity FSR [19] . In Fig. 9(a) , the optical spectrum of the CPM laser is shown after injection locking. The previously observed, free running, passive mode-locked spectra, is now transformed to a spectra showing an axial mode spacing of 29.4 GHz, which is a result of the injection process establishing coherency between the oscillating pulse pairs in the CPM lasers. The resulting coherence between the oscillating pulse pairs mandates that the axial modes of the injection locked CPM laser be observed at 29.4 GHz. Fig. 9(b) shows the RF power spectra of the photodetected pulse train from the CPM laser, before and after injection locking. It is evident that the fundamental mode-locked frequency of the CPM laser has been pulled to the harmonic beat frequency of the injected master ring laser and the linewidth and the frequency fluctuation of the detected mm-wave carrier are drastically reduced. It should be noted that the RF linewidth is reduced from 4.64 MHz to 332 KHz, as measured 10 dB down from the carrier. This reduction in the RF linewidth is attributed to the injection locking process, which assists in establishing a well-defined phase relationship among the different axial modes in the optical domain, and is clearly evident, as manifested by more than 14-times reduction in the RF linewidth of the CPM laser. In addition, in Fig. 9(c) , it is observed that the optical linewidth sees a ∼5x reduction in the linewidth, from 5.40 MHz to 1.13 MHz (10 dB width, deconvolved) after injection locking. The reduction in the optical linewidth is a direct result of the CPM laser oscillation being injection locked by FWM and stabilized by the narrow axial modes from the master, hybridly mode-locked laser.
The pulse width of the CPM laser is measured using an intensity auto-correlator. Assuming a Gaussian pulse shape, the autocorrelation trace shown in Fig. 9(d) translates into a pulse width of 4.47 ps and is identical both with and without injection. The optical spectrum of the pulse has a FWHM of 0.65 nm at wavelength of 1306 nm. The time bandwidth product (TBP) is thus 0.511, which is 1.16 times the transform limit, indicating near transform-limited pulses directly from the monolithic CPM laser.
VII. CONCLUSION
In summary, we have proposed and demonstrated a novel method of stabilizing high-repetition rate monolithic modelocked diode lasers by purely optical means. By employing optical hybrid mode-locking and increasing the Q of the master laser cavity (using a longer cavity and AR coating the laser facets), an improved stabilization architecture of the novel coupled cavity laser reported earlier is realized. Both RF and optical linewidths of the orthogonally coupled CPM laser are drastically reduced by the FWM enabled subharmonic injection locking. The 10 dB RF linewidth is reduced from 4.64 MHz to 332 KHz, a reduction of more than 14-times accompanied by almost 5-times reduction in the 10 dB optical linewidth which narrows from a measured 10 dB width of 5.40 MHz to 1.13 MHz after injection locking.
With the advent of active-passive integration, in the near future the entire external cavity can be replaced with long, low-loss passive waveguides. An on-chip III-V/Silicon based electroabsorption (EA) modulator would make this all-monolithically integrated stabilization scheme very promising in applying high speed mode-locked lasers as the all-optical timing circuit for the forthcoming high capacity optical networks [20] , [21] .
